In female mammalian cells, dosage compensation for X-linked genes is achieved by the transcriptional silencing, early in development, of many genes on just one of the two X chromosomes. Several properties distinguish the inactive X (Xi) from its active counterpart (Xa). These include expression of Xist, a gene located in the X-inactivation center (Xic), late replication, differential methylation of selected CpG islands and underacetylation of histone H4. The relationship between these properties and transcriptional silencing remains unclear. Female mouse embryonic stem (ES) cells have two active X chromosomes, one of which is inactivated as cells differentiate in culture. We describe here the use of these cells in studying the sequence of events leading to X-inactivation. By immunofluorescent labeling of metaphase chromosome spreads from ES cells with antibodies to acetylated H4, we show that an underacetylated X chromosome appears only after 4 days of differentiation, and only in female cells. The frequency of cells with an underacetylated X reaches a maximum by Day 6. In undifferentiated cells, H4 in centric heterochromatin is acetylated to the same extent as that in euchromatin but has become relatively underacetylated, as in adult cells, by Day 4 of differentiation (i.e., when deacetylation of Xi is first seen). The overall deacetylation of Xi follows Xist expression and the first appearance of a single, late-replicating X, both of which occur on Day 2. It also follows the silencing of X-linked genes. Levels of mRNA from four such genes, Hprt, G6pd, Rps4, and Pgk-1, had all fallen by approximately 50% (relative to the autosomal gene Aprt) by Days 2 -4. The results show that properties that characterize Xi are put in place in a set order over several days. H4 deacetylation occupies a defined place within this sequence, suggesting that it is an intrinsic part of the X-inactivation process. The stage at which a completely deacetylated Xi is first seen suggests that deacetylation may be necessary for the maintenance of silencing but is not required for its initiation. Nor is it required for, or an immediate consequence of, late replication. However, we note that selective deacetylation of H4 on specific genes would not be detected by the microscopical approach we have used and that such selective deacetylation may still be part of the silencing process. ᭧
INTRODUCTION
X-controlling element, Xce, defined by Cattanach and coworkers on the basis of studies of X-autosomal translocations (Cattanach, 1983; Cattanach et al., 1989) . Autosomal In mammals, dosage compensation is achieved by the genes become inactivated only when the X to which they transcriptional silencing of many of the genes on one of the are translocated carries the Xic (Rastan and Robertson, two X chromosomes in female somatic cells (Lyon, 1961; 1985) . Migeon, 1994; Riggs and Pfeifer, 1992) . Transcriptional inGenes have recently been identified in both mouse and activation is initiated early in development and the selected human cells (Xist and XIST, respectively) that are expressed chromosome remains inactive through subsequent mitotic exclusively from Xi (Borsani et al., 1991; Brockdorff et al., divisions . The mechanisms by which selective inactivation 1992). There is some homology between the mouse and is brought about have yet to be clearly defined, but the human genes and both map to the Xic/XIC region. These process is thought to be controlled by a cis-acting gene genes do not code for a protein product, they have no conswitch, or X-inactivation center, XIC (Rastan and Brown, served open reading frames and their transcripts are re-1990) . In human cells, XIC is located at Xq13 (Brown et al., stricted to the cell nucleus (Brown et al., 1992) . In situ 1991) while the equivalent locus in mice, Xic, has been hybridization has revealed that Xist RNA colocalizes with the Xi in interphase cells (Clemson et al., 1996) . Xist expresmapped to band XD (Rastan, 1983) . Xic colocalizes with the tive Biology, Hammersmith Hospital, UK, and Dr. A. Smith (Centre sion has been shown both to precede X inactivation and to for Genome Research, Edinburgh). All cells were grown at 37ЊC in be an absolute requirement for it to occur (Brockdorff et 5% CO2 in air. LF2 and EFC cells were maintained as undifferential., 1992; Kay et al., 1993; Penny et al., 1996) , though the ated monolayer cultures in DMEM supplemented with 20% fetal mechanisms by which it may mediate X inactivation recalf serum, 10% analar grade dH2O and 10 3 U/ml murine leukemia main unknown. There is evidence to indicate that the XIC, inhibitory factor (LIF, Gibco, Williams et al., 1988) . All media were and consequently XIST, is not absolutely required for the supplemented with 1% (v/v) nonessential amino acids, L-glutamaintenance of transcriptional silencing on Xi in somatic mine, and penicillin/streptomycin (all stock solutions from Gibco).
cell hybrids (Brown and Willard, 1994) .
Flasks were coated in 0.1% gelatin and cells split 1:4 every 2 days.
The inactive X chromosome shares several chemical and Cells were allowed to differentiate into nonattached embryoid bodstructural properties with constitutive heterochromatin, ies by withdrawal of LIF and transfer of cultures to nonadherent namely a relatively high level of cytosine methylation petri dishes. Cells were harvested at daily time points during differ- (Miller et al., 1974) , replication in the latter part of S-phase entiation and either snap frozen for RNA or DNA extraction or processed for preparation and labeling of metaphase spreads as dein many cells (Takagi et al., 1982) and distinctive staining scribed below.
properties in both interphase and metaphase cells (Barr and Bertram, 1949; Kanda, 1973) . A further parallel between Xi and constitutive heterochromatin has come from recent
Preparation of Metaphase Chromosome Spreads
studies in which indirect immunofluorescence microscopy has been used to study the level of histone H4 acetylation
Metaphase cells were collected from undifferentiated cultures and at daily time points from differentiating cultures following along metaphase chromosomes. In human and murine cells growth for 3 hr in medium containing Colcemid (Gibco, 0.1 mg/ both constitutive, pericentric heterochromatin and the inml). Cells were harvested (by mitotic shake-off for undifferentiated active X, labeled weakly with antibodies to the acetylated cells or by taking total cultures for differentiated samples) and isoforms of H4, but not with antibodies to nonacetylated washed twice in PBS. Cells were swollen in 0.1 M KCl for 10 min H4 or to H2B (Jeppesen et al., 1992; at room temperature and then spun onto washed glass slides using 1993 (Lavender et al., 1994; Turner et al., Japan., Yoshida et al., 1990) was added to some cultures (0.1 mg/ 1992). It has also been associated with the long-term tranml) for 3 hr concurrent with Colcemid.
scriptional silencing of mating type genes in the yeast Saccharomyces cerevisiae (Braunstein et al., 1993) . However, the role of H4 underacetylation in heterochromatin forma-
Antibodies and Immunolabeling
tion in general and X inactivation in particular remains
The preparation and characterization of antisera against aceunclear. We do not know whether it is an early, possibly tylated isoforms of H4 has been described previously (Turner and initiating event (such as Xist expression) or a later event Fellows, 1989; Turner et al., 1989 . Immunolabeling was car-(such as DNA methylation) with a possible role in the mainried out using the method described previously (Jeppesen et al., tenance of transcriptional silence.
1992) with minor modifications. Following cytocentrifugation
In the work described here we place H4 deacetylation in a slides were immersed immediately in KCM buffer (120 mM KCl, sequence of events leading to X inactivation, using cultured 20 mM NaCl, 10 mM Tris -HCl, pH 8, 0.5 mM EDTA, 0.1% Triton embryonic stem (ES) cells from female mice as a model X-100) for 10 min at room temperature. Areas around the samples system. These cells are derived from the inner cell mass of were dried and 30 ml of appropriately diluted antibody containing 1% BSA was added to each slide. Slides were transferred to an mouse embryos at the blastocyst stage of development and, differentiation proceeds (Martin, 1978; Takagi and Martin, Slides were counterstained and mounted as described previously, 1984). We show here that a single, underacetylated X chrothen viewed using a Zeiss Axioplan epifluorescence microscope.
mosome is first seen only after 4 days of differentiation in Double labeling with antibodies to acetylated H4 and BrdU (see female (but not male) cells with the frequency increasing below) was carried out as described elsewhere (Belyaev et al., 1996) up to Day 6. This occurs after the increase in Xist expresusing TRITC-conjugated goat anti-rabbit IgG (Sigma) and FITCsion, the first appearance of a late-replicating X and inacticonjugated mouse anti-BrdU antibodies (Becton -Dickinson).
vation of at least some X-linked genes, all of which had occurred by Days 2 -4.
Detection of Late-Replicating Chromosome

MATERIALS AND METHODS
Domains Embryonic Stem Cell Culture
Two methods were used to detect late-replicating chromatin. The first uses the fact that DNA in which BrdU has been incorpoThe ES cell lines, LF2 and PGK 12.1 (both XX female) and EFC (XY male) were provided by Dr. N. Brockdorff (Section of Compararated in place of thymidine, fluoresces less brightly with DNA-binding Hoechst fluorochromes (Campbell and Worton, 1977; Latt, viously described (O'Neill and Turner, 1995) . DNA was isolated from the antibody-bound (i.e., highly acetylated) and unbound (i.e., 1973) . Undifferentiated or differentiated ES cells were treated with BrdU (5 mg/ml) for 16 hr in culture before addition of thymidine (5 underacetylated) fractions and tested by slot-blotting for sequences representitive of coding DNA (HPRT-1, Melton et al., 1984) and mg/ml) and Colcemid (0.1 mg/ml) for 4 hr. This time was established in preliminary experiments as appropriate for detection of only the heterochromatin (R947, Kipling et al., 1994) . latest-replicating chromatin. Cells were harvested and metaphase spreads prepared as above. Slides were fixed (as above), stained with
Enzyme Assays
Hoechst 33342 (0.1 mg/ml) for 1 min, washed with dH 2 O, and viewed under the fluorescence microscope. Late-replicating, thymi-
The activities of glucose-6-phosphate dehydrogenase (G6pd) and dine-containing regions appear bright. In the second procedure, 6-phosphogluconate dehydrogenase (6pdg) were measured in a comBrdU (5 mg/ml) and Colcemid (0.1 mg/ml) were added to the growing bined assay based on procedures described by Glock and McLean cells 4 hr prior to chromosome preparation. Chromosomes were (1953) and Rosenstraus and Chasin (1975) . Chemicals were from prepared and labeled with FITC-conjugated mouse anti-BrdU antiSigma. ES cells, differentiated for varying periods, were harvested bodies (Becton -Dickinson) as described elsewhere (Belyaev et al., and washed twice in 10-15 ml ice-cold PBS. For the final (third) 1996).
wash, cells were transferred to 1.5-ml Eppendorf tubes and the cell pellets were drained and stored at 070ЊC. (Storage for several days resulted in no measurable loss of G6pd or 6pdg activity.) To extract
Detection of Xist Expression by RT -PCR
enzymes, pellets were suspended to 2 -4 1 10 7 cells/ml (usually 0.3 -0.5 ml per pellet) in 50 mM Tris -HCl, pH 7.6, 1 mM 2-mercapTotal RNA was extracted from cell pellets using NP40 lysis and toethanol, 1 mM Na -EDTA, 20 mM e-aminocaproic acid and disproteinase K digestion (Sambrook et al., 1989) . Following digestion, rupted by sonication (MSE Soniprep 150) for 5 sec at an amplitude RNA was extracted in acid phenol:chloroform and precipitated at of 15 m. This resulted in virtually complete cell breakage. Extracts 070ЊC for 3 hr. Samples were then digested with DNase I (Pharwere spun at 13,000 rpm (MSE Microfuge) for 30 min at 5ЊC and macia Uppsala, Sweden) to remove contaminating genomic DNA, the supernatant was used for enzyme assay. extracted again, and precipitated overnight with ethanol and 5 mg glycogen. Reverse trancription was carried out as described by Dallman and Porter (1992) .
Preparation of Total RNA from ES Cell Pellets
b-Actin was used as an internal control for all samples for both reverse transcription and PCR. b-Actin PCR was used to match Total RNA was prepared from undifferentiated (d0) or differentisamples from different stages of differentiation for cDNA conated (d1 -d16) ES cell cultures. Cell pellets (one 25-cm 3 flask for d0 tentration since it was difficult to ascertain accurate cell numbers or 8-ml volume of differentated cells taken from cultures that were from embryoid bodies. b-Actin primers were a gift from Dr. Nel split 1-4 from confluent undifferentiated cells) were washed twice Moore (Dept.of Anatomy, University of Birmingham, Moore et al., in sterile PBS and snap frozen in liquid nitrogen. RNA extraction 1993). PCR reactions were carried out in a 100-ml volume conwas performed according to methods outlined previously (Samtaining 10 mM Tris-HCl (pH 8.8 at 25ЊC), 50 mM KCl, 1.5 mM brook et al., 1989 ) with a few modifications. Briefly, frozen pellets MgCl 2 (2 mM for b-Actin), 0.1% Triton X-100, 0.2 mM dNTP's, 1 were resuspended in 2 ml of denaturing solution (4 M guanidinium mM both 3 and 5 primers and 2-3 U Taq polymerase (Perkin Elmer thiocyanate, 42 mM sodium citrate, 0.83% lauryl sarcosine, 0.2 Corp, Hayward CA). Samples were overlayed with 50 ml mineral oil mM b-mercaptoethanol). The DNA was sheared by passing the (Sigma) and PCR reactions were performed using a Techne thermal solution through a 23-gauge needle five times or until it was no cycler (Techne PHC-3, Cambridge). For b-Actin, conditions for amlonger viscous. A 1/10 vol 2 M sodium acetate (pH 4) and an equal plification were 5 min at 94ЊC for denaturation followed by 30 volume of fresh phenol:chloroform (1:1) were added, and the sample cycles at 94ЊC/30 sec, 50ЊC/60 sec, 72ЊC/60 sec. Ten-microliter was vortexed and left on ice for 10 min. Nucleic acid was recovered aliquots were removed at regular intervals between cycle 14 and by centrifugation at high speed in a microfuge (MSE) for 20 min at 30 to allow analysis of the PCR products during the exponential 4ЊC. The supernatant was transferred to a fresh tube and the RNA phase of DNA amplification.
was precipitated by addition of an equal volume of isopropanol and For Xist PCR, nested primers were used. Primers were syntheincubation at 020ЊC for 3 hr. sized (Alta Bioscience Birmingham) according to the sequences reResidual DNA was removed by digesting the sample with DNaported by Kay et al. (1993) . Round 1 PCR used primers MIX10 and seI according to standard methods (Sambrook et al., 1989) . RNA MX20; round 2 used MIX20 and MX23b. Conditions were the same was reprecipitated as above. The resultant pellet was dissolved in for both rounds of PCR; 5-min denaturation at 95ЊC was followed dH2O. Ten microliters was used for spectrophotometric analysis by 30 cycles of 95ЊC/1 min, 55ЊC/1 min, 72ЊC/2 min. Two microli-(A 260) to quantify the amount of RNA in each sample. Five microters of round 1 product was then used in round 2 under the same grams of total RNA was run on a denaturing gel (Sambrook et al., amplification conditions. To compare samples, 10-ml aliquots were 1989) to check the integrity of the RNA and the absence of DNA. removed at intervals between cycles 8 and 30 of round 2. All PCR products were analyzed on 1% agarose gels and stained with ethidium bromide. Products were easily identifiable by size.
Measurement of Specific mRNAs by Slot Blotting
RNA samples (16 mg) were diluted in 201 SSC (final concentration 61 SSC) and formaldehyde (1/5 the volume) and incubated at
Immunoprecipitation of Chromatin
65ЊC for 5 min. All samples were chilled on ice before addition of an equal volume of ice-cold 201 SSC. Three serial doubling diluChromatin was prepared from undifferentiated and differentiated ES cells by micrococcal nuclease digestion and immunoprecipitions were performed and aliquots (200 ml) of each dilution were loaded in duplicate onto Hybond N / filters (Amersham) using a tated with affinity-purified antibodies to acetylated H4 as pre-slot-blot manifold. All slots were washed twice with 201 SSC bespreads was found with one pale-staining chromosome (Fig. fore fixing the RNA onto the filter with 0.05 M NaOH.
1E). This was first detected after 4 days of differentiation and
Probes for mRNA detection were generated by PCR using the reached its maximum frequency by Days 6 -7 (Table 1) 
RESULTS
ing a probe specific for the X-centromere, to verify that the pale staining chromosome was indeed an X (results not
Developmentally Related Changes in H4
shown). FISH studies using X-chromosome paints also con-
Acetylation in Facultative and Centric
firmed the presence of two X chromosomes in LF2 and PGK Heterochromatin 12.1 cells but only one in the male EFC cell line.
Frequently, three bands of acetylated H4 were observed ES cells were induced to differentiate in culture by removal of leukemia inhibitory factor from the culture meon an otherwise pale-staining chromosome from cultures differentiated for at least 4 days (Fig. 1E, arrowheads) . These dium and transfer to petri dishes. This resulted in the formation of clusters of cells which, over the following 2-3 bands were observed with all the antisera but were particularly prominent with R12/8. Similar bands have been reweeks, developed into embryoid bodies (Nichols et al., 1990) . Metaphase chromosome spreads were made from unported previously in mouse C127 cells at approximate cytological locations F3-ter (band I), A2 (band II), and F1 (band differentiated (Day 0) or differentiated cultures and labeled with antisera specific for the acetylated isoforms of histone III) . Two of the bands described here are located in approximately the same positions as H4. The antisera used are lysine specific in that they recognise H4 isoforms acetylated at one or the other of lysines bands II and III in the previous report, while the third is located in region A, distal to band II. Staining of the pseudo-5, 8, 12, or 16 (Turner et al., 1989) . Because H4 lysines are generally acetylated in order in mammalian cells (i.e., 16 autosomal region (PAR), which corresponds to band I in the previous study, was rarely seen in ES cells. then 8 or 12 then 5, Turner et al., 1989) including ES cells (J. S. Lavender and B. M. Turner, unpublished data), antisera All chromosomes in mouse cells are telocentric and have particularly prominent blocks of centric heterochromatin to H4 acetylated at lysine 16 (H4Ac16) will recognize all acetylated isoforms, of which the monoacetylated, H4Ac1, that stain brightly with the Hoechst counterstain (e.g., Figs. 1B and 1D). The centromeric regions of most chromosomes is by far the most frequent. Antisera to H4Ac8 and H4Ac12 will recognize the di-, tri-, and tetraacetylated isoforms from undifferentiated spreads were well labeled with R12/ 8 (Fig. 1A, arrows) , R20/12, and R41/5 (not shown). Centro-(H4Ac 2 -4 ), while antibodies to H4Ac5 will recognize only the most highly acetylated isoforms, H4Ac 3 and H4Ac 4 . meres also labeled with R14/16, though perhaps less strongly and consistently than with the other antibodies In chromosome spreads from undifferentiated cultures labeled with R12/8 (specific for H4Ac8), all chromosomes la- (Fig. 1C ). This contrasts with the negative staining of centromeres observed in chromosomes from cultured adult beled with equal intensity (Fig. 1A) . The same result was obtained with antisera to H4 acetylated at lysines 5, 12, and cells (Jeppesen et al., 1992; . As cells differentiated, there was a progressive decrease in the 16 (an example of labeling with R14/16 is shown in Fig. 1C ). Throughout this work, a weakly labeled chromosome has labeling with all antisera of centric heterochromatin, which had assumed the pale staining characteristic of adult cells never been seen in any spreads from undifferentiated cells and we conclude that both X chromosomes have a level of after 4 days of differentiation (Fig. 1E) . The progressive decrease in acetylation of heterochroma-H4 acetylation comparable to that found along the autosomes. As cells differentiated, an increasing proportion of tin-associated H4 was confirmed by immunoprecipitation of chromatin fragments prepared by nuclease digestion of and unbound (underacetylated) fractions. In cells that had been allowed to differentiate for 7 days, DNA sequences interphase nuclei from undifferentiated and differentiated cells. As shown in Fig. 2 , in undifferentiated cells, H4 in characteristic of centric heterochromatin were found almost exclusively in the unbound fraction, as observed in centric heterochromatin was acetylated to the same extent as H4 associated with coding DNA, i.e., showed the same differentiated adult cells (O'Neill and Turner, 1995) . Thus, the reduction in acetylation of heterochromatin-associated distribution between antibody-bound (highly acetylated) LIF-free medium in small petri dishes. Cells from individual dishes were harvested and analyzed at the times shown. Only those spreads in which at least some individual chromosomes were dis-
Replication Timing
tinguishable and in which there was no gross distortion of chromosome morphology were counted.
Inactivation of one X chromosome is accompanied by a switch from early to late replication (Grumbach et al., 1963; Taylor, 1960; Yoshida et al., 1993) . We monitored the replication timing of ES cell chromosomes and chromosome do-H4 over the first 4 days of differentiation occurs in both mains by growth in the presence of BrdU for 16 hr, to allow interphase and mitotic chromatin.
complete substitution of thymidine residues, followed by 4-hr growth in thymidine prior to preparation of chromosome spreads and staining with Hoechst 33342. Only those cells at
Effects of Inhibitors of Histone Deacetylation
the very end of S-phase when thymidine was added will have
To assess to what extent patterns of H4 acetylation are dependent upon continuing deacetylase activity, ES cells were treated prior to immunolabeling with the specific inhibitor of histone deacetylases, Trichostatin A (TSA, Yoshida et al., 1990) . Growth of female ES cells in medium containing TSA for 2-3 hr increased the intensity of labeling with each antiserum but, crucially, did not cause any region that was originally unlabeled to become labeled. Centric heterochromatin remained unlabeled in differentiated cells grown in the presence of TSA (Fig. 3C) , while its labeling varied in TSA-treated cells in the early stages of differentiation to the same extent as it did in untreated cells (Fig. 3A) . A single, pale-staining chromosome was still tended to be irregular in shape (Figs. 3A and 3B) . Heterochro- reached metaphase after 4 hr. Regions that have incorporated ing in only a minority of cells. The first appearance of a latereplicating X was also monitored by incorporation of BrdU thymidine, i.e., the most late-replicating ones, stain more brightly with Hoechst than those containing BrdU and can be late in S-phase (i.e., no more than 4 hr before metaphase) and labeling with anti-BrdU antibodies. The results confirmed detected by fluorescence microscopy. In differentiated cells, some spreads were found to contain just a single, brightly those obtained with the Hoechst staining technique, namely that a late-replicating X first appeared after 2 days of differentifluorescent chromosome (Fig. 5A) . In other spreads the centric heterochromatin in all or most chromosomes was also ation (results not shown).
The results described suggest that Xi becomes late replistrongly fluorescent (Fig. 5B) , while in others (presumably cells that had left S-phase when the thymidine was added) no cating (Day 2 onward) before its H4 is deacetylated (Day 4 onward), suggesting that H4 deacetylation is neither a cause strongly fluorescent chromosomes or chromosome regions were detected (not shown). Spreads with a single, brightly nor an immediate consequence, of late replication. This was confirmed by double-labeling experiments in which BrdU fluorescent chromosome were never obtained from undifferentiated female ES cells or from male cells and we conclude and acetylated H4 were detected simultaneously in the same chromosome spreads. As shown in Fig. 6 , in cultures that this chromosome is the inactive X. In differentiating ES cells a single, complete, late-replicating chromosome was first harvested on the second day of differentiation the late-replicating (i.e., BrdU-labeled) X contained normal levels of acedetected, at low frequency, after 2 days of differentiation. The frequency increased to 10% of all chromosome spreads after tylated H4 (Figs. 6A and 6B ). Conversely, after 5 days of differentiation, the late-replicating X was clearly underace-3 days and reached a plateau of 12-16% after 5 days (Table  1) . It should be noted that the procedure used is such that tylated (Figs. 6C and 6D ). many (possibly most) metaphase cells on the labeled slides would have been in G2 when BrdU was added and would have
Transcriptional Silencing of Genes on Xi
had no opportunity to incorporate it. The low frequency of cells with a single, brightly fluorescent chromosome reflects
The genetic silencing of a gene on one of the two X chromosomes will, eventually, lead to a 50% drop in the level this and does not indicate that a single X becomes late replicat-bolic changes through differentiation, then they are likely to do so in a coordinated manner.
As a first step in this direction, we measured the activity of the X-linked enzyme G6pd as a proportion of the activity of the next enzyme in the pentose-phosphate pathway, 6pgd. The two enzymes can be assayed in parallel by a simple spectrophotometric assay (Glock and McLean, 1953) . The G6pd/6pgd ratios in extracts of ES cells allowed to differentiate for up to 16 days are shown in Fig. 7 . The ratio shows a small decrease up to Day 5 and by Day 7 has fallen by 40 -45% (relative to that at Days 0-4), at which level it remains. No such drop was seen in male ES cells cultured
FIG. 4. Measurement of Xist and b-actin expression in differenti-
and differentiated under the same conditions (Fig. 7) . Furating female ES cells by RT -PCR. Xist is detectable at background ther, the G6pd/6pgd ratio reached by female cells after 7 levels (i.e., only after 26 PCR cycles) in undifferentiated cells (Day days corresponded reasonably well to that found in undiffer-0). The level increases after 2 days of differentiation (i.e., is detectentiated and differentiated male cells. The results suggest able at PCR cycle 18) and reaches a maximum after 4 days (detectthat inactivation of G6pd on Xi begins prior to Day 7 of able at PCR cycle 14). b-Actin levels remain unchanged (i.e., always detectable by PCR cycle 26) as cells differentiate.
differentiation.
In a second approach, we have prepared RNA from ES cells at different stages of differentiation and used slot blotting and hybridization with selected DNA probes to measure levels of specific transcripts. The approach has the adof the mRNA transcript and the protein product. In theory, vantage over enzyme assays of being applicable to a much accurate quantitation of either of these should be sufficient large number of genes, though it is inherently less accurate. to identify the stage by which silencing has occurred. In Figure 8 shows the results obtained by using this approach practice of course, the situation is more complex in that it to measure levels of mRNA from genes encoding the two is difficult to assign a baseline against which a 50% drop purine salvage pathway enzymes hypoxanthine-guanine in protein or transcript level can be measured. Differentiatphosphoribosyltransferase (encoded by the X-linked gene ing ES cell cultures are progressing down diverse pathways Hprt) and adenine phosphoribosyltransferase (autosomal, of differentiation, with associated fluctuations in gene exAprt). The Hprt/Aprt ratio changed little from Days 0 to 1, pression and inevitable changes in the levels of both autosofell by about 40% by Day 4 and remained approximately mal and X-linked transcripts. One way of minimizing this constant thereafter. The same filters were hybridized with problem is to compare the levels of mRNA or protein prodprobes for three other X-linked genes, G6pd, Pgk-1, and ucts from genes encoding enzymes in the same metabolic Rps4. The level of G6pd mRNA (relative to Aprt) behaved pathway, one X-linked and one autosomal. It is reasonable to propose that if such enzymes do vary in line with metavery similarly to Hprt mRNA, falling by about 60% from Days 1 to 4 before stabilizing at between 50 and 60% of the the X-linked genes Hprt, G6pd, Pgk-1, and Rps4 were all reduced by 40-50% (relative to levels of mRNA from the starting level. Pgk-1 and Rps4 transcripts fell to 40-50% of the Day 0 value by Day 2 and showed little change thereafautosomal Aprt gene) by Days 2 to 4. A late-replicating X chromosome was first detected on Day 2 and an X marked ter (Fig. 8) . These results are consistent with the possibility that Pgk-1 and Rps4 are silenced slightly earlier than G6pd by low levels of acetylation of histone H4 was first detected only after 4 days (reaching its maximum frequency by Day and Hprt. However, Aprt is not the ideal autosomal control for G6pd, Pgk-1, or Rps4 and we do not as yet have suffi-6). A 50% drop in G6pd enzyme activity (relative to the autosomal enzyme 6pgd) had occurred by Day 7 of differenciently well-characterized probes to more appropriate control genes. Because of this, the results should be interpreted tiation.
Our findings are consistent with previous studies of X cautiously with regard to the exact timing of inactivation. However, it seems to be the case that the levels of traninactivation in transformed cultured cells, which have also shown that symptoms of inactivation are detected only after scripts from all four X-linked genes tested, change in a broadly similar way during differentiation.
several days of differentiation. In EK cells (stem cell lines with a normal karyotype derived from parthenogenetic embryos) a heterochromatic chromosome with characteristic dark staining using the Kanda staining method (Kanda,
DISCUSSION
1973) appears after 4 days in culture (Rastan and Robertson, 1985) . Cultured EC cells (of teratocarcinoma origin, considWe have examined several specific events associated with ered to be similar to normal embryonic cells at a stage prior X-chromosome inactivation in mouse embryonic stem to X inactivation) showed nonsynchronous replication of X cells, namely Xist expression, altered replication timing, chromosomes after 4 to 6 days of differentiation (Takagi histone H4 deacetylation and reduced transcription from and , though the timing varied with the differ-X-linked genes. The earliest detectable changes were the entiation protocol employed. increased expression of Xist, a gene expressed exclusively from the inactive X chromosome, or from that X destined
Silencing of X-Linked Genes
to become inactive, and silencing of X-linked genes. Both these were detected, and in some cases essentially comWe have used both enzyme assays (G6pd and 6pgd) and analysis of mRNA levels to identify the stage of differentiaplete, 2 days after removal of LIF. Levels of mRNA from tween Days 5 and 7 (Fig. 7) is consistent with a drop in the level of G6pd transcripts between Days 1 and 4 (Fig. 8) .
Enzyme assays have been used previously to monitor silencing of X-linked genes. Martin et al. (1978) noted that during in vitro differentiation of female mouse teratocarcinoma stem cells, the activity of G6pd always fell 4 or 5 days before that of Hprt. They suggested that the difference in timing may reflect spreading of inactivation along the chromosome from its origin at the X-inactivation center. Our results provide no evidence that this is the case in ES cells. Levels of mRNA transcripts from four X-linked genes, Hprt, G6pd, Pgk-1, and Rps4, all fell by about 50% during the first 4 days of differentiation. In the case of Pgk-1 and Rps4 the drop in transcript level was essentially complete by Day 2. While there may be some variation in the times at which particular genes are inactivated during the first 4 days, differences of several days are not consistent with our results. The difference between G6pd and Hprt noted earlier may be due to the use of a different cell type or to differences in the in vivo turnover of the two enzymes, causing differ-
The ratio between the activity of the X-linked enzyme G6pd (glucose-6-phosphate dehydrogenase) and the autosomal enzyme 6pgd ences in the delay between reduction in transcript and re-(6-phosphogluconate dehydrogenase) was assayed in male and feduction in protein level.
male ES cells that had been allowed to differentiate for up to 16 days. For female cells (᭡, line LF2), the mean value of the G6pd/ Where assays on particular cell preparations were repeated, the repeat assays were, on average, within 10%. Standard deviations are shown where three or more independent cell preparations were assayed at a single time point. Lines through the Day 0-4 and 8-16 time points were calculated and drawn on the basis of least-squares linear regression analysis. For male cells (, line EFC), the value for undifferentiated cells (t Å 0) is the mean of assays on three separate cell preparations (mean is 1.07 with a standard deviation of 0.05 and a range of 1.00 -1.12). The line was calculated by least-squares linear regression analysis.
H4 Acetylation during ES Cell Differentiation
tion at which specific genes on Xi are silenced. Enzyme assays can potentially provide a degree of accuracy that measurement of specific RNA transcripts cannot match, but this approach has the disadvantage of being applicable only to those enzymes whose assay is straightforward and for which a metabolically related autosomal enzyme is FIG. 8. Levels of transcripts from four X-linked genes in differentiating ES cells. Total RNA was isolated from ES cells at different available as a reference. It is also important to bear in mind stages of differentiation and specific transcripts measured by slot that the rate at which the protein product of an X-linked blotting and hybridization with DNA probes prepared by PCR and gene declines after the cessation of transcription will be 32 P-labeled. Each sample was applied as three serial dilutions in influenced by the in vivo stability of the enzyme itself and duplicate and hybridization was quantified as described under Maits RNA transcript and on the doubling time of the cell terials and Methods. Four X-linked genes were tested (Hprt, G6pd,  population. Once transcription has stopped, the level of and Rps4) together with the autosomal gene Aprt. Hybridizaeven a completely stable protein will be reduced by half tion of each gene was first expressed as a proportion of the Aprt each time the cell divides. These factors will all tend to value for the same RNA sample. These proportions ranged from extend the time period over which enzyme activity declines 0.35 to 2.86. To facilitate presentation, hybridization values for and to delay the time at which a drop in activity is first each gene were expressed relative to the Day 0 value, which was set at 1. detectable. For these reasons, the drop in G6pd activity be-between Day 0, when it is uniformly acetylated to the same lation but have also shown that the link is not absolute (Belyaev et al., 1996) . extent as euchromatin, and Day 4, when all centromeres are underacetylated to the same extent as those in adult Silencing of genes on Xi seems to precede the overall deacetylation of this chromosome. A progressive fall in the somatic cells. The centric heterochromatin of undifferentiated ES cells is indistinguishable, at the light microscope levels of transcripts from four X-linked genes was completed by Day 4 of differentiation, the earliest point at level, from that of differentiated or adult cells. It stains brightly with Hoechst dyes and with antibodies to the mamwhich an underacetylated X was seen. The finding that a 50% drop in G6pd enzyme activity was not complete until malian heterochromatin-associated protein M31 (Wreggett et al., 1994; A. M. Keohane, unpublished data) . Clearly H4 Day 7 (i.e., after deacetylation of one X) can be explained by the continued presence of enzyme in the absence of new deacetylation is not essential for at least some aspects of heterochromatin structure. It is possible that the increased synthesis. Thus, complete deacetylation of H4 on Xi is not necessary for genetic silencing. However, the possibility reacetylation of H4 in heterochromatin in ES cells at the earliest stages of differentiation is necessary for the nuclear remains that selective deacetylation of genes, or even of specific regions within them, is necessary for this to occur. structuring that accompanies differentiation. It may be relevant that a transient increase in the acetylation of H4 assoSuch focal deacetylation would not be detected microscopically, but it can be detected by the immunoprecipitation ciated with centric heterochromatin was seen during differentiation of human HL60 cells (O'Neill and Turner, approach. As shown in Fig. 2 , the level of acetylation of H4 associated with the Hprt gene is (as anticipated) lower at 1995).
The virtual completion of the deacetylation of centroDay 7 than that at Day 0. Experiments are in progress to extend this approach to define the stage at which specific meric H4 by Day 4 coincides with the first appearance of a deacetylated X. Whether the same mechanisms are involved genes on Xi are deacetylated. It is possible that localised deacetylation at or around specific genes is regulated by in these two deacetylation events, despite their temporal separation, is not clear. However, recent experiments with different mechanisms to those that bring about the global deacetylation of Xi from Day 4 onward. ES cells adapted to growth in medium containing the deacetylase inhibitor TSA and allowed to differentiate in its presOur results suggest that global deacetylation of Xi may be more important for stabilization and maintenance of the ence have shown that the appearance of an underacetylated X chromosome is delayed by at least several days, while inactive state than its initiation. In this respect it may resemble cytosine methylation. The level of cytosine methylthe deacetylation of centric heterochromatin is not (A. M. Keohane and B. M. Turner, unpublished data). This strongly ation on Xi exceeds that at equivalent sites on Xa (Migeon, 1990) and it has been suggested that this modification plays suggests that the mechanisms involved are different.
an important role in transcriptional silencing. Recent evidence suggests that cytosone methylation is a relatively late event in the inactivation process (Migeon, 1994) . In
Cause and Effect in X Inactivation
preliminary experiments we have examined methylation of Ava1 sites within intron-1 of the Hprt gene using the The results presented here show clearly that the various events necessary for the formation of a single inactive X pHPTl13 probe (Lock et al., 1986) and found it to occur late in differentiation (Day 21, A. M. Keohane, unpublished). chromosome occur sequentially over a period of several days. A series of discrete steps put in place each of the Lock et al. (1987) have described methylation of Hprt in mouse LT1 EC cells allowed to differentiate for 22 days. properties characteristic of Xi at a defined stage of the differentiation process. One objective of the present experiments Our results show that, in ES cells, late methylation of Hprt does not simply reflect late inactivation of the gene and are was to establish cause and effect relationships between these different steps. In this respect, the results so far serve consistent with the possibility that an overall increase in methylation of Xi occurs late in the differentiation process, to eliminate some possibilities. Deacetylation of H4 is clearly not necessary for shifting replication of Xi to the much later than H4 deacetylation. end of S-phase. This shift precedes deacetylation. Nor does H4 deacetylation seem to be an immediate consequence of late replication because (1) it occurs, on average, 2 days later ACKNOWLEDGMENTS and (2) double labeling experiments show that H4 on a latereplicating Xi is not necessarily underacetylated. Previous nese hamster ovary cells have confirmed this general corre-
